The effect of an auxin transport inhibitor, tri-iodobenzoic acid, on the formation and subsequent function of the shoot apical meristem in zygotic embryos of Brassica napus L. was examined. Globular and heart stage embryos were cultured in the presence of tri-iodobenzoic acid. Only embryos at the globular stage of embryogenesis were affected by tri-iodobenzoic acid. Upon treatment, the embryos did not develop two separate cotyledons and, therefore, did not attain bilateral symmetry. Furthermore, the shoot apical meristem of these embryos was altered, as a characteristic tunica-corpus organization was not observed. The cells of the surface layer continued to maintain their meristematic characteristics and divided mainly in the anticlinal direction. The subapical cells differentiated into parenchyma cells and continued to expand such that a corpus organization never developed. Therefore, by the end of the culture period, the shoot apical meristem appeared very broad and shallow. Treated embryos that were transferred to a conversion medium exhibited a dramatic decline and delay in the formation of leaves compared with untreated embryos. Histological observations revealed that the shoot apical meristem continued to expand in width. A low percentage of treated embryos were able to convert; however, leaves were produced from a new shoot meristem that developed in the axillary position. No morphological or histological changes were evident when the embryos were treated later, at the heart stage of embryogenesis.
Introduction
Embryogenesis in plants is marked by a set of characteristic events that establishes the basic pattern of the future plant. One of the most fundamental events to occur is the formation of the two apical meristems. The proper formation of these generating centres is critical for the postembryonic development of plants. Meristems are formed during early embryo development. In Brassica species, the earliest progenitors of the shoot apical meristem (SAM), the epiphyseal cells, are recognizable when the embryo is at the 16-cell stage of development (Tykarska 1976) . At the early globular stage, the epiphyseal cells are unique as they are often larger than the surrounding cells, are more cuboidal in shape, have enlarged nuclei, and distinct cytological characteristics (Swamy and Krishnamurthy 1977; Yeung et al. 1996) . In Arabidopsis, these cells exhibit distinctive gene expression patterns. Recently, Mayer et al. (1998) showed that these cells uniquely express the WUSCHEL (WUS) gene prior to when the SAM becomes morphologically distinguishable. The authors suggested that WUS might act to maintain the meristematic nature of the cells in which it is expressed. Long et al. (1996) previously showed that in Arabidopsis, at the globular stage, when the embryo is comprised of about 100 cells, the expression of the shoot meristemless (STM) gene is localized to the cells that will be incorporated into the SAM proper. This gene also has been implicated in playing a role in the maintenance of the unique characteristics of the SAM. Judging from the in situ hybridization pattern, the epiphyseal cells appear to be one of the sites of STM gene activity. Thus in Arabidopsis, both the structural and molecular genetics studies indicate that the formation of shoot apical meristem occurs very early during embryogeny. Despite the wealth of information available on SAM formation during embryogenesis and its function postembryonically, there is still relatively little known about the physiological control of SAM formation and function primarily because of the inaccessibility of developing embryos.
However, in vitro studies, dating back to the classic work of Skoog and Miller (1957) , have clearly shown the importance of hormones, and in particular auxins, in meristem formation. Goldsworthy and Rathore (1985) observed that shoot formation in tobacco callus was significantly increased when a weak electrical current was administered between the callus and the medium in the presence of an exogenous auxin, indole-3-acetic acid (IAA). The current was thought to enhance the uptake of IAA and effect a polar transport of auxin through the tissue. The establishment of the polar transport of auxin within a tissue system may have increased the chance for meristem formation.
During embryogenesis, the transition from the globular to the heart stage is an important event. It has been suggested that the polar transport of auxin, originating at the future sites of the cotyledons, is initiated just prior to this transition and may be responsible for the subsequent differentiation that ensues (Schiavone and Cooke 1987) . It is also at this time that the epiphyseal cells, the precursors of the SAM, become evident (Swamy and Krishnamurthy 1977; Yeung et al. 1996) . Furthermore, several studies have shown that the treatment of globular embryos with auxin transport inhibitors leads to alterations in embryo symmetry (Schiavone and Cooke 1987; Liu et al. 1993b; Fischer and Neuhaus 1996; Choi et al. 1997; Iwanowska et al. 1997; Hadfi et al. 1998 ). These studies indicate that auxin is important to embryo development, and alterations in endogenous auxin concentrations by various auxin transport inhibitors can lead to changes in the organization of developing embryos.
In Brassica juncea (L.), alteration of auxin levels by the addition of tri-iodobenzoic acid (TIBA) leads to a change in the symmetry of the embryo (Liu et al. 1993b; Hadfi et al. 1998) . One funnel-shaped cotyledon was formed indicating that bilateral symmetry of the embryo could not be established in the presence of TIBA. SAM organization was also altered as the treated embryos exhibited a delay in shoot formation. Although there are a number of studies currently available in the literature on the effect of TIBA on embryo development, most of the observations have been concerned with alterations in the general morphology and pattern formation during embryogenesis. This study examines the role that the polar transport of auxin plays specifically in the formation of the shoot apical meristem during embryogenesis and its subsequent function during germination.
Materials and methods

Plant growth conditions
Plants of Brassica napus L. cv. Topas were grown in a growth chamber maintained at 25°C days and 16°C nights with a 16 h light : 8 h dark photoperiod. The plants started to flower approximately 6-7 weeks after the initiation of germination. Flowers were hand pollinated and tagged on the day of anthesis.
Culture of zygotic embryos
Developing siliques were picked and surface sterilized in 30% (v/v) Javex ® with 1% (v/v) Tween 20 for 15 min and subsequently washed three times with sterile water. The embryos were at the globular stage of development at approximately 6 days after pollination and at the heart stage at approximately 8 days after pollination. Since the embryos were very small, the embryos were not dissected from the seeds. Instead, seeds containing globular and heart stage embryos were cut transversely using a sterile razor blade to expose the developing embryo, and these half seeds were placed on a modified enriched maturation medium (Liu et al. 1993a ) either without (control) or with 10 µM TIBA. The enriched maturation medium was similar to that reported by Liu et al. (1993a) except that the amount of coconut water used was 100 mL·L -1 instead of 300 mL·L -1 . For each treatment, approximately 30 Petri dishes, each containing 20-25 half seeds, were used. The experiments were repeated at least three times.
Figs. 1-8. In vitro development of zygotic embryos of Brassica napus cultured at the globular stage in the absence of TIBA. Fig. 1 . Globular stage embryo (arrow) within a half seed at the initiation of culture. Scale bar = 1 mm. Fig. 2 . Median longitudinal section of a globular stage embryo at the initiation of culture. The body plan of the embryo is already established at this stage. The uniform outer layer of cells forms the protoderm (P). The epiphyseal cells (arrows), which will form the future shoot apical meristem (SAM) proper, were also recognizable. On either side of these cells (arrowheads) were the cotyledonary initials. Beneath the epiphyseal cells were the procambium initials (PC), and these cells were flanked by the ground meristem initials (G). The hypophyseal cell has already divided to give rise to the precursors of the root apical meristem (*). Scale bar = 20 µm. Fig. 3 . At 4 days after culture (DAC), the globular stage embryo had progressed to the torpedo stage. It was bilaterally symmetrical as two separate cotyledons (arrows) were distinguishable at this time. Scale bar = 1 mm. Fig. 4 . The initials of the SAM (arrow) divided to give rise to a group of tightly packed cells in the apical notch. These cells were larger than the surrounding cells, were densely cytoplasmic, and had prominent nuclei. There was very little starch accumulation in these cells compared with the rest of the cells in the embryo. Scale bar = 20 µm. Fig. 5 . At the end of the maturation period (14 DAC), the embryo had a bilateral symmetry with distinct cotyledons. Scale bar = 1 mm. Fig. 6 . At the end of the maturation period (14 DAC), the SAM of the embryo appeared matured. It consisted of a convex dome (arrow) of tightly packed cells that continued to be densely cytoplasmic and still showed very little starch accumulation. Scale bar = 20 µm. Fig. 7 . Eight days after being placed on the conversion medium, several leaves were visible on the plantlet. Scale bar = 1 mm. Fig. 8 . The SAM (arrow) of the plantlet was able to maintain its organization and cytological characteristics. Scale bar = 20 µm.
Zygotic embryo culture conditions
As per Liu et al. (1993a) , the Petri plates containing approximately 20-25 half-seeds were placed in the dark for 2 days and then under 16 h light : 8 h dark photoperiod for a further 12 days. At various times during maturation, the embryos were examined to determine the number of embryos with one trumpet-shaped cotyle-don. At the end of the maturation period, the embryos were transferred to a conversion medium (half-strength MS medium with 2% sucrose and 0.8% agar) and maintained under similar conditions. The percentage of conversion was determined at various times by dividing the number of embryos that had produced roots and shoots by the total number of embryos plated for each treatment. The term conversion is defined as having both root elongation and epicotyl growth with new leaf formation (Hay and Charest 1999) . The traditional definition of germination refers only to root elongation and does not take into account the shoot meristem activities. In this study, roots were produced by all embryos placed on the conversion medium irrespective of the embryos' ability to produce shoots. Thus, conversion is a more accurate way of assessing the activity of both apical meristems and the normality of seedlings produced.
Histological preparations
Embryos were fixed and processed at different stages during the maturation or conversion process for histological observations. The embryos were fixed in 2.5% glutaraldehyde and 1.6% paraformaldehyde buffered with 0.05 M phosphate buffer (pH 6.8) for 24 h at 4°C. After fixation, the embryos were dehydrated in methyl cellosolve (BDH Chemicals), followed by two changes of absolute ethanol, and embedded in Technovit ® 7100 (Kluzer and Co. Gmbh, Bereich Technik, D6393 Wehrheim, Germany) according to Yeung (1999) . Longitudinal serial sections, 3 µm thick, were cut using a Ralph knife on a Reichert-Jung 2040 Autocut rotary microtome. Sections were stained according to Yeung (1984) with periodic acid -Schiff's (PAS) reaction for total insoluble carbohydrates and counterstained with either amido black 10B for proteins or toluidine blue O (TBO) for general histological organization. The sections were viewed under a Leitz Aristoplan photomicroscope. The best median sections from each treatment and each time point were selected. At least 30 median sections were studied in detail for each point of fixation. Photographs of sections were recorded using Kodak Technical Pan ASA 80 black and white film.
Results
Globular-stage embryos of B. napus
Embryos were at the globular stage of embryogenesis at 6 days post-anthesis (Fig. 1) . These embryos had approximately 80 cells and were colourless at the initiation of culture. At this stage of development, the future body plan of the embryo was already established (Fig. 2) . The protoderm, the initials of the epidermis, could be distinguished as the uniform outer layer of cells. A group of four cells (only two were visible in a median longitudinal section), the epiphysis, occupied the terminal end of the embryo proper. The epiphyseal cells were the precursors of the future SAM. These cells had a characteristic cuboidal shape. The cells flanking the epiphyseal cells will differentiate and become the cotyledon initials. Underneath the epiphysis was the future procambium. These cells could be readily identified because of their elongated cell axes. The cells adjoining the procambium were ground meristem initials. The derivatives of the hypophyseal cell were located just beneath the procambium initials. They give rise to the root apical meristem.
By 24 h after the plates with the globular-stage embryos were placed in the light, they began to turn green. By 4 days after culture (DAC), globular stage embryos were at the torpedo stage of development with two separate cotyledons clearly visible (Fig. 3) . The cells of the SAM began to divide and formed a group of tightly packed cells in the apical notch between the two cotyledons (Fig. 4) . The cells were isodiametric in shape, larger in size, and remained more densely cytoplasmic compared with the surrounding cells. Furthermore, it is important to note that starch granules were never abundant within the apical meristem cells at all stages of development as compared with other embryo cells (Figs. 4, 6, and 8) . By the end of the maturation period at 14 DAC, the embryos had well-developed cotyledons (Fig. 5) , and the SAM appeared mature at this stage as a convex dome of closely packed cells (Fig. 6) .
By 4 days after being placed on the conversion medium, 63% (520 of 830) of the embryos had "converted" into plantlets (Fig. 26) as new leaves were clearly visible (Fig. 7) . The SAM of these control embryos appeared as a well-organized convex dome with very cytoplasmic cells (Fig. 8) .
Effects of TIBA on the development of globular-stage embryos
Of the more than 500 globular-stage embryos treated with TIBA, 66% developed but did not have two separate cotyledons. Instead, a ring of cotyledonary tissue was evident by 4 DAC, indicating a continuation of radial symmetry (Fig. 9) . The cells of the SAM of the TIBA-treated embryos had a similar shape to that of the control embryos (Fig. 10) . However, there was a decrease in their cytoplasmic density and an increase in starch accumulation. The cells were not Figs. 9-17. The effects of TIBA on the development of Brassica napus embryos treated at the globular stage of embryogenesis. Fig. 9 . At 4 DAC, it was evident that an embryo treated at the globular stage was not able to exhibit bilateral symmetry. A ring of cotyledonary tissue was initiated (arrow) instead of two separate cotyledons. Scale bar = 1 mm. Fig. 10 . The cells of the SAM of the 4 DAC treated embryo were not very distinguishable from the surrounding cells. Starch accumulated in the cells of the SAM (arrow). Scale bar = 20 µm. Fig. 11 . At the end of the maturation period (14 DAC), the treated embryos maintained their radial symmetry as the ring of cotyledonary tissue expanded into a trumpet shape. Scale bar = 1 mm. Fig. 12 . The SAM (arrows) of the treated embryos was altered. The cells continued to show starch accumulation. The SAM appeared flattened and very broad. The normal tunica-corpus organization was not apparent as the cells in the apical layer continued to divide anticlinally, and the cells in the subapical layers were enlarged, vacuolated, and showed a reduction in cytoplasmic density. Scale bar = 20 µm. Fig. 13 . Upon transfer to the conversion medium, the treated embryos continued to expand. Leaves were not formed in a majority of the transferred embryos. Scale bar = 1 mm. Fig. 14 . The SAM (arrows) of the embryos that were transferred to the conversion medium also continued to increase in width but not in depth. Scale bar = 40 µm. Fig. 15 . Occasionally the cells in the axillary position of the SAM (arrow) divided and formed a shoot meristem type of organization. The cells in these areas were very axially elongated and different from the rest of the cells in the SAM. Scale bar = 20 µm. Fig. 16 . Organogenesis could occur from the reorganized cells in the axillary position of the SAM. Scale bar = 20 µm. Fig. 17 . Three to 4 weeks after the transfer to the conversion medium, a low percentage of the treated embryos were able to produce a leaf that protruded from the opening of the trumpet. Scale bar = 1 mm.
clearly distinguishable from the surrounding cells. These embryos maintained their radial symmetry to the end of the maturation period at 14 DAC (Figs. 11 and 13) . The characteristics of the cells of the SAM were slowly altered. By 12-14 DAC the SAM appeared quite broad. The cells of the apical cell layers were small and continued to show a high degree of starch accumulation when compared with the control. The majority of the cells in the subapical region became enlarged, starch filled, and increasingly vacuolated such that they resembled storage parenchyma cells (Fig. 12) .
Upon transfer to the germination medium, the TIBAtreated embryos continued to expand in size (Fig. 13) . Although all of the embryos were able to produce roots, most of the embryos never produced leaves. Thus, the conversion frequency was zero percent during the first 2 weeks of germination (Fig. 26) . Over time, the bell of the trumpet of these embryos became very callused. The SAM of these embryos remained flattened and continued to increase in width (Fig. 14) . A tunica and corpus organization was never observed. Upon prolonged culture, i.e., approximately 3-4 weeks after the transfer to the germination medium, a low percentage of embryos (less than 15%) were able to convert (Fig. 26) . The pattern of leaf formation from these SAMs was different compared with the control. The cells in the axillary position of SAM began to take on a shoot meristem organization. These cells were more cytoplasmic and appeared more axially elongated than the rest of the cells (Fig. 15) . Leaf primordia could then develop from these localized pockets of cell division in the axillary position (Fig. 16 ) and eventually gave rise to a leaf that protruded from within the trumpet (Fig. 17) .
Effects of TIBA on embryos cultured at heart stage
Embryos that were cultured at the heart stage were green at the onset of culturing (Fig. 18) . The tissue pattern at this stage of development was more elaborate than at the globular stage as the procambium now extended from the basal half of the embryo into the cotyledon primordia (Fig. 19) . The epiphyseal cells had already divided and the precursors of the SAM were well established (Fig. 19) . The symmetry of the embryos that were at the heart stage was not affected by TIBA, as they were able to maintain their bilateral symmetry to the end of the maturation period. The embryos never had one fused cotyledon. By 14 DAC, both the control (Fig. 20) and the treated embryos (Fig. 22) had matured. The SAM of the control (Fig. 21 ) embryos consisted of a domeshaped group of compactly arranged isodiametric cells that closely resembled that of the TIBA-treated embryos (Fig. 23) . All the cells in the SAM were densely cytoplasmic, and starch grains were scarce.
The conversion frequencies of both the control and TIBAtreated embryos were 100% after being 4 days in the conversion medium (Fig. 26) . At this time, the treated, similar to the untreated, embryos had produced at least one leaf (Fig. 24) . The SAMs of both control and treated plantlets were similar. In the TIBA-treated embryo, the SAM remained well organized with densely cytoplasmic cells and with few starch grains (Fig. 25) .
Discussion
TIBA has been used successfully as a tool to study different aspects of embryo development (see Liu et al. 1993b; Iwanowska et al. 1997; Hadfi et al. 1998) . In this study, we utilize TIBA to interrupt normal development to study the process of SAM initiation and function. From our results, it is evident that TIBA specifically affects embryos at the globular stage of embryogenesis. TIBA did not have any adverse effects on the overall morphology or the SAM of the embryos that were treated at the heart stage of development.
Both structural (Tykarska 1976; Yeung et al. 1996 ) and molecular genetic (Long et al. 1996; Mayer et al. 1998 ) studies indicate that the shoot apical meristem is initiated prior to the globular stage of embryo development. Our results indicate that the stages leading up to and including the globular stage are sensitive to physiological perturbation. Therefore, during this early period of meristem initiation, conditions must be conducive to meristem formation; otherwise, meristem development will be aborted. In other words, the epiphyseal cells observed at the globular stage have not yet been determined to be apical meristem cells. It would be of interest to study whether the expression of genes related to meristem initiation, i.e., WUS and STM, could be altered by changing auxin levels at or prior to the globular stage of embryo development. All the events related to the "fixation" of meristem fate have to occur within a narrow window of time since the SAM becomes stably determined and its organization is not affected by TIBA once the embryo reaches the heart stage of development.
TIBA treatment resulted in changes to the shoot pole of the globular-stage embryos during maturation and germination in vitro. Hadfi et al. (1998) also noted that naphthylphthalamic acid, another auxin transport inhibitor, caused alterations in the SAM of zygotic embryos of B. juncea. The authors observed that the SAM of the embryos were concave and also that they appeared to be broadened. Similarly, in the present study the SAM appeared very flat and broad. This suggests that TIBA may have prevented the cells that would comprise the corpus from dividing and maintaining a reservoir of cells. Instead, these cells lost their
Figs. 18-25. The effects of TIBA on Brassica napus embryos cultured from the heart stage of embryogenesis. Fig. 18 . A heart stage embryo (arrow) within an opened ovule at the initiation of culture. The cotyledons were already distinguishable at this time. Scale bar = 0.5 mm. Fig. 19 . The body plan of the heart stage embryo at the initiation of culture. The epiphyseal cells have already divided to give rise to the precursors of the SAM (arrowheads). Beneath these cells, the axially elongated initials of the procambium (PC) have also divided and extended from the base of the embryo into the cotyledons (C). Scale bar = 20 µm. Fig. 20 . At the end of the maturation period (14 DAC), the untreated embryo progressed to the cotyledonary stage. Scale bar = 1 mm. Fig. 21 . The SAM (arrow) of the embryo at 14 DAC was very well organized. The cells were very compactly arranged, densely cytoplasmic, and showed no vacuolation. Scale bar = 20 µm. Fig. 22 . The symmetry of the embryos that were treated with TIBA was not affected. A treated embryo at 14 DAC appeared very similar to the untreated embryo. Scale bar = 1 mm. Fig. 23 . The organization of the SAM (arrow) of the heart stage embryos that were treated with TIBA was not affected. The cells of the SAM were able to maintain their overall cytological characteristics. Scale bar = 20 µm. Fig. 24 . Upon transfer to the conversion medium, the embryos that were treated with TIBA at the heart stage were able to produce leaves. Scale bar = 1 mm. Fig. 25 . The SAM (arrow) of the plantlets appeared well organized with densely cytoplasmic cells and very few vacuoles or starch accumulation. Scale bar = 20 µm.
"meristem" identity and differentiated into ground parenchyma cells. However, the cells of the apical region were able to continue dividing perhaps in response to cell expansion in the subapical region. As the cells of the apical layer are restricted to dividing anticlinally, this would account for the increased width of the SAM in the TIBA-treated embryos.
The treated embryos exhibited a substantial decline in the ability to form shoots compared with the control embryos during conversion. This further supports the previous observation that events occurring during the globular stage of embryogenesis are not only critical for the proper development of the SAM but also its subsequent activity. Additionally, our results indicate that if the embryos are treated at a later stage of development, this does not alter the ability of the embryos to produce normal shoots. This further emphasizes the notion that at the globular stage, the SAM has not fully "matured." However, once the embryo has progressed to the heart stage, the SAM is "fixed" and is not easily perturbed by exogenous influences.
In plant propagation techniques such as somatic embryogenesis, one of the most common problems is that the conversion rate can be low. The lack of conversion is often due to the absence of a functional shoot meristem (Nickle and Yeung 1993; Suhasini et al. 1996) . The physical and chemical environments play key roles in embryo development and organogenesis (Steeves and Sussex 1989; Yeung 1995) .
From this study, it is clear that the process of meristem initiation can be perturbed by physiological changes, and that there is only a narrow window of time for meristem initiation and determination. This could explain why there is an absence of or abnormal shoot apical meristem formation in different in vitro culture systems. Thus, to improve conversion, it is necessary to have a proper understanding of the process of meristem formation and manipulate the medium accordingly.
Physiological models of SAM formation
There is a great deal of evidence from somatic as well as zygotic systems that suggests that the polar transport of auxin is initiated during the globular stage of embryogenesis (Schiavone and Cooke 1987; Liu et al. 1993b) . It has been proposed that auxin synthesis starts in the apical half of the embryo and more specifically in the developing cotyledons. The auxin is then transported towards the centre of the embryo and towards the future radicle. In a normal embryo, the basipetal transport of auxin could lead to a "pocket" in the apical notch where the concentration of auxin is lower than in the surrounding cells. This would be consistent with the fact that the procambial strand that develops at this time is strictly limited to a predetermined position. Liu et al. (1993b) suggested that TIBA acts to prevent the polar transport of auxin to the basal half of the embryo that would then lead to an increase in auxin levels in the apical half of the embryo including the apical notch. This would account for the formation of the ring of cotyledonary tissue being produced as opposed to two separate cotyledons. Furthermore, in this pocket, there would not be an active polar transport of auxin. One possibility to account for the observations made here is that, upon TIBA treatment, a buildup of auxin in the apical notch would affect the cells in this region and lead to a disruption in normal SAM formation pattern. Therefore, it indicates that the cells of the SAM would not normally be subjected to such high levels of auxin.
Alternatively, the unique histological characteristics and gene expression patterns of the epiphyseal cells could be an indication that they are able to respond differently to the polar transport of auxin and adopt a different fate from the surrounding cells, a meristematic fate. It is possible that the unique genes expressed in these cells may be involved with allowing the cells to lower the auxin concentration in the area by degradation or conjugation. Another possibility is that gene expression may be associated with altering the sensitivity of these cells to auxin by changing the number of receptors available. If there is a flood of auxin through the embryo, then the SAM will not develop properly. The cells destined to become the SAM may have the ability to react differently to auxin. Therefore, there may be a critical time (during the globular stage) when these cells require the proper auxin level to initiate the program that will allow them to develop into meristematic cells. It is important to reiterate that TIBA did not have such a dramatic effect on SAM formation when the embryos were treated at the heart stage of development. This suggests that, by the heart stage of embryogenesis, the cells that will form the SAM are developmentally determined, and their physiology is not easily perturbed. Fig. 26 . Conversion frequencies of zygotic embryos cultured at the globular and heart stage. At the end of the maturation process, control and TIBA-treated embryos were transferred to a conversion medium. The conversion frequency was assessed at various times throughout the culture period. The bars represent the average conversion frequency, and the error bars are the standard deviation around the plotted mean.
